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1. 

Research  objectives 

The  goal  of  this  program  has  been  to  obtain  some  or  all  of  the  follow¬ 
ing  information  regarding  highly  excited  vibrational  levels  of  03: 

1)  Total  photon  energy  uptake  in  C02-laser-pumped  0^;  intensity 
and  pressure  dependence. 

2)  Detailed  vibrational  state  populations  in  multiple-infrared- 
photon  excited  0^. 

3)  (viv2v3^vi  v2  v3  )  transfer  rates  as  a  result  of  collisions. 

4)  Spectroscopic  description  of  high  ground-state  vibrational  levels. 

5)  Vibrational  level  populations  in  03*  (1B2) . 

6)  Hartley  band  dependence  on  ground-state  vibrational  energy  content 

7)  Rotational  relaxation  times  in  03~M  collisions. 

8)  (viv2v3^_  dependence  of  Einstein  A  and  B  coefficients  for 
Av^  =  -1  transitions  (i  =  1,  2,  3). 

Questions  (3) -(5)  and  (8)  are  applicable  to  interpretation  of  the 
infrared  chemiluminescence  (COCHISE)  experiments:  question  (6)  is  appli¬ 
cable  to  estimation  of  photodissociation  cross-sections  for  "hot"  03  in 
the  upper  atmosphere. 

Experimental  approaches  have  included  infrared-ultraviolet  double 
resonance  using  a  pulsed  C02  laser  and  a  broadband  c.w.  u.v.  source,  and 
Coherent  Anti-Stokes  Raman  detection  of  ozone  in  vibrationally  excited 
states. 

The  results  of  the  i.r.-u.v.  double  resonance  experiments  are  reported 

in  journal  publications  reproduced  on  pp.  2-7  and  14-22;  a  spectroscopic 

model  for  interpreting  results  will  be  found  on  pp.  8-13.  Two  additional 

sections  describe  ongoing  CARS  experiments  on  03,  and  an  assessment  of 

14  15 

the  contribution  of  N  N  to  upper-atmospheric  radiation. 
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Absorption  transients  at  254  nm  have  been  observed  ht  0s-02  mixtures  fottowms  laser  irradistion  at  9.64  pm.  From 
analysis  of  these  transients,  are  are  aMe  to  determine  vibrational  relaxation  rate  constants  <0j-02)  Af'/tOil** 

(2560*  370) Torr‘ \  Ai'/lOil “(840*50) Torr-’  s  ',  and  also  a  t»,-us  equilibration  rate  constant  (05-0s)  of  (1.5* 
I.OjKlO^Tbtt  's 


la  llaVHClIM 

In  recent  years,  a  great  interest  in  the  study  of 
vibratkWHtfly  excited  ozone  has  developed,  particu- 
lariy  because  of  its  possMe  rote  it)  stratospheric 
chemistry*.  Conveniently,  vibrational  excitation  of  the 
asymmetric  stretching  mode  p,  of  oeone  may  readily 
be  induced  by  CO*  laser  irradiation;  multiple -photon 
excitation  and  dMtodatkm  following  such  irradiation 
have  tecently  bees  reported  [2].  Numerous  studies 
using  laser  excitation  have  been  carried  out  to 
determine  the  Nineties  of  ribrutwnal  energy  flow  m 
ozone  and  quenching  by  various  vNUm  partners. 
Moat  of  the  kinetic  information  to  dale  has  been 
obtained  by  either  infrared  fluorescence  (3-6]  or  by 
an  indirect  method  based  on  the  cfaamihiiUtoescem 
reaction  of  vibratioaaKy  excited  oeone  with  NO  [7- 
9].  Recently,  a  new  technique  has  been  reported  [10] 
using  time-resolved  Ultraviolet  absorption  spectros¬ 
copy  at  310  nm  f ©Hewing  CO*  horn  irradiation 
(IRUVDR).  It  was  pointed  out  that  the  inherent 
advantages  of  IRUVDR  are  high  signal-to-noise 
rgtios  and  fast  time  response.  However,  the  rate 
Constanta  obtained  in  that  study  were  not  unam¬ 
biguously  interpretabte  end  in  seme  cases  were  of  low 
precision. 


*  For  •  recent  review  of  ozone  photochemistry  and  spec¬ 
troscopy,  see  ref.  [  t  ]. 


to  this  paper  we  report  an  IRUVDR  experiment  at 
234  nm  (near  the  peak  of  the  Hartley  — itmumu) 
which  yields  rate  constants  for  df  of  the  energy 


transfer  processes  in  oeone,  namely, 

O,(0©l)+M  ;==£(),  (100)+M, 

<19 

(1) 

(2) 

and 

O)  (010) +M-^*  0,(000) +M , 

(3) 

where  M«Oj  or  an  added  buffer  gas  and  the  k  refer 
to  first -Order  rote  constants.  The  buffer  gas  used  in 
this  Study  was  oxygen,  both  for  convenience  and 
because  the  literature  is  most  extensive  for  M-Oj 
[3, 5, 1, 8].  Values  of  the  second-order  rate  constants 
for  OHO*  coBtatons,  were  obtained  for 

processes  (2)  aid  (3)  and  were  found  to  display  both 
high  precision  and  good  agreement  with  previous  lit¬ 
erature  values.  The  current  work,  while  not  of 
sufficient  precision  to  permit  more  than  rough  esti¬ 
mates  of  the  role  constants  in  (1),  dees  represent  the 
first  reported  reservation  of  that  kinetic  process. 

The  rationale  for  using  UV  absorption  spectros¬ 
copy  to  probe  vibrational  energy  content  in  oeone  has 
been  discussed  by  McDade  and  McGrath  [10];  in 
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esmace,  vibrational  excitation  lead*  to  a  change  in 
die  extinction  coefficient  at  a  given  wavelength.  The 
abaorptioo  spectrum  of  a  particular  vibrational  level 
is  aa  yet  unknown,  although  a  spectral  analysis  has 
been  conjectured  by  Simons  and  others  [12, 13], 
based  on  the  temperature  dependence  of  the  Hartley 
continuum  absorbance.  Two  points  do  seem  dear: 
firstly,  the  (010)  level  has  the  same  or  nearly  the 
same  extinction  coefficient  as  ground-state  ozone, 
particularly  at  the  peak  of  the  spectrum  near  254  nm; 
secondly,  the  combined  (100)  and  (001)  levels 
(roughly  equal  in  population  at  and  above  room 
temperature)  have  a  much  broader  spectrum,  hence  a 
greatly  decreased  extinction  coefficient  at  254  nm 
compared  to  ground-state  ozone.  Thus,  the  expec¬ 
tation  is  that  C02  laser  irradiation  induces  a  transient 
decrease  in  the  absorbance  at  254  am,  muchly  in 
proportion  to  the  combined  (100)  and  (001)  level 
populations,  which  are  assumed  to  be  in  thermal 
equilibrium  shortly  after  the  laser  pulse.  This  predfc- 
tion  has  been  borne  out  by  the  cermet  experiments 
cootriMOoti  io  toe  tmmm  wim  mm  sum 
transiationsi  heating  hm  been  observed  by  McOede 
and  McGrath  [10];  we  atao  observed  this  eflect  in 
ozone-oxygsn  samples  rnatataing  more  then  10% 
ozone.  To  shnpHfy  oer  rate  constant  menemumonts 
we  confined  ourselves  to  more  dihtie  mfe®m@s. 


2.  Bap  arlm  snlel 

A  schematic  dlegram  of  the  apparatus  is  shown  In 
fig.  1.  The  1R/UV  abeerptiim  cefi  uns  apyrax  eyMn- 
der  20  cm  long  and  2.5  cm  wide  fined  with  NaQ  end 
windows  and  UV-pade  quarts  tide  windows  through 
which  the  UV  beam  was  pamsd  teeneveme  to  the  01 
beam.  The  cel  was  fifed  wMh  a  static  saa^le  of  tram 
5  to  50Torr  of  a  1%  to  10%  abtiun  of  oaone  in 
oxygen.  The  onone  was  prepared  (ram  a  sfient  dta- 
charge  ouontaer  and  stored  on  a  tifeagti  trap  at 
195  K.  Tbs  oxygen  dfluent  aho  derived  from  the  cold 
trap  and  thus  wm  (rae  of  moisture.  The  total  pneNtu 
in  thecal  was  measured  by  a  U-tube  manometer 
filed  whh  Hatocarbon  100/100  ofi,  and  dm  oaone 
concentration  was  monitored  by  UV  absorption.  The 
UV  sonroe  wm  a  Heath  EU-701-50  deuterium  lamp 
fined  with  a  253.7  nm  interference  liter.  The  IB 
pahs  wm  provided  by  a  Tachtato  Tac  11  TEA  COj 


hear  operating  on  the  P(30)  line,  giving 

typtaaly  041  in  a  duration  of  •100  ns  (fwhm). 

(RCA 1P2B)  wm  led  acrom  a  variable  resistance 
(■1  kft)  to  a  Moamtioa  820  waveform  recorder 
hnmfaeod  to  a  Digkai  hONC-11  computer  which 
perbumed  signal  averaging,  display,  wad  analysis*. 
Typtaaly  50  to  200  laear  pukes  were  averaged  per 
data  pohn.  The  time  rseponee  of  the  electronics  wm 
estimated  to  bo  0.2  ps.  Signal  analysis  wm  accom¬ 
plished  by  digital  smoothing  (Plowed  by  a  non-linear 


Typical  CO»  laser  induced  Obeosbance  transients 
are  shewn  ia  fipL  2a  and  2b.  Bi  fig.  2a  the  transient 

(U)  of  about  3  ps  and  thea  decays  accordtag  to  the 
time  evota^M  of  the  combined  (100)  and  0101)  level 
populations,  described  by  a  double -exponential 
function  [3J.  The  solid  curve  is  a  3-parameter  least- 
squarm  fit  to  that  function.  In  fig.  2b,  taken  at  lower 
premmas  of  0»  and  Os,  the  “induction  time’’  is 
about  >  pa.  indicating  that  h  arises  from  a  kinetic 

*  A  dssntpUaa  el  Uw  nseiiut  wcoidsr  com**"  lmwf»w 
may  to  found  in  nf.  (13). 
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pjl  2.  Typkt)  tnintifflH  li 

at  254  tun.  (i)  EfffiiBtmil  n|  .cnlciitoM  innriinp  it 
[0,1-29.5  Terr,  [O,]  «  0.54  Terr,  «bowinf  double 
exponential  decay,  (b)  Baperimenial  and  calcniacad  Iran* 
•tarn  at  [O,]- 12.9  Terr,  [0,1-9.15  Ton,  *oviaf 
" induction  daw” denoted  by  anoyr.  la  both  bp cee  the 
decavina  nortkm  wax  diakaRv  taMotbad. 


prooesa  rather  than  an  instrumental  effect.  Wo 
presume  this  process  te  be  the  fast  'i  **  r>  equilibra¬ 
tion  step. 

The  first-order  rate  constants  kt  and  *j  were 
determined  from  selected  traces  such  as  in  fig.  U 
where  the  signal-to-noise  ratio  was  pood  enough 
and  the  observation  time  was  sufideotiy  long  that 
both  compontrssod  the  decay  were  wefi  determined. 
The  main  contribution  to  the  observed  rates  is  due  to 
Oj-Oj  cotakms  under  our  experimental  conditions. 
Thus,  we  were  abk  to  obtain  Or-Oi  secood-order 
(bimolecular)  rate  constants,  by 

suMmcting  from  the  first-order  rots  constants  and 
comributioni  arising  from  Oj-Oj  collisions,  as  cal- 
culated  tarn  literature  me  constants  [4],  It  was 
assumed  that  at  them*  pressures  used  the  infinence 
nf  both  diffusion  and  spontaneous  radlatim  decay 
may  he  neglected. 


Two  quantities  which  are  related  to  die  first-order 
rate  constant  ki  and  *a  are  AT1  and  Aj\  the  inverse 
lifetimes  associated  with  the  two  exponential  decay 
components;  the  relationships  between  these  quan¬ 
tities  are  given  by  Rosen  and  Cool  [3J.  Correspond¬ 
ingly  related  to  the  second-order  rate  constants  are 
the  second-order  inverse  lifetimes  (A?*‘°»)",/[0*] 
and  (A?*"o,)'1/[0?];  time  are  the  oomtants  which 
have  been  the  most  commonly  measured  by  other 
workers.  We  computed  these  second-order  inverse 
lifetimes  for  each  data  point  from  the  second-order 
rate  constants  determined  above. 

It  was  found  that,  using  the  above  analysis,  a 
systematic  error  appeared  in  the  secood-order 
constants,  namely,  a  slight  decrease  (-20%)  at  high 
total  pressures  (30-50 Torr).  As  Ugh  pressures  are 
correlated  with  high  degrees  of  laser  natation,  we 
presume  that  the  problem  is  cawed  by  the  population 
of  vforational  levels  having  u  >  1.  The  kinetic  equa¬ 
tion  must  be  corrected  to  account  for  vibrational 
energy  oootained  in  thorn  high-lying  levels  and  the 
affect  of  those  levels  on  the  extinction  confident  at 
2S4  nm  moat  ha  estimated.  The  first  correction 
consists  merely  of  fee  refinement  of  sxdted  coone 
population  by  total  exes*  vibrational  energy 
contained  in  the  vj  and  n  manifolds  [3, 14],  The 
second  correction  is  not  readily  fietermined  aa  it 
involves  knowledge  of  the  Hartley  continuum  spec¬ 
troscopy  of  hta  v  levels.  However,  a  semi  empirical 
approach  is  available.  Simons  and  others  [11,  12] 
have  ntodfiod  the  Hartley  continuum  whig  a  quasi- 
diatomic  picture  in  which  the  apaoirum  depends 
mainly  On  the  vibrational  eaargy  oootained  in  the  v, 
manffoM.  The  temperature  depandenee  of  the 
absottmoca  maximum  of  a  diatomic  molecule  Is 
described  rather  wefl  by  the  Suizer-WMand  equation 
(15,16], 

Ar-4ot(&W(&)rJ1/a.  (4) 

where  {S*)t  is  the  mean  vibrational  energy  including 
zero  paint  energy  at  temperature  T  and  AT  is  ti»c 
absorbance  at  that  teaqwrature.  To  apply  this  equation 
to  ozone,  £„  must  be  understood  as  the  average  energy 
contained  in  the  v\  manifold  or,  aKeraativeiy,  the 
roughiy  equal  quantities  of  energy  contained  in  either  v3 
or  the  hypothetical  mode  Pm(vi+vt)/2  defined  by 
Rosea  and  Cool  [3].  We  have  used  eq.  (4),  with  the 
approximation  of  the  doubly  degenerate  mode  v  as 
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defined  above,  for  an  improved  analysis  of  our  data.  Our 
results  (table  1  and  fig.  3)  show  that  this  method  of 
analysis  does  indeed  remove  the  systematic  rate 
constant  error  described  above,  as  evidenced  by  the 
absence  of  any  pressure  dependence  of  the  second -order 
inverse  lifetimes  (fig.  3). 

It  must  be  cautioned,  however,  that  the  observed 
empirical  success  of  the  Sulzer-Wieland  equation  as 
applied  to  ozone  in  no  way  implies  the  correctness  of 
the  quasi-diatomic  spectral  model.  We  are  currently 
carrying  out  a  more  accurate  treatment  of  the  ozone 
spectrum  [17]  based  on  both  wavelength-dependent 
experiments  and  ab  initio  calculations  [18].  Prelim¬ 
inary  indications  are  that  the  quasi-diatomic  model 
is  substantially  incorrect. 

The  current  values  for  the  O3-O2  bimolecular  rate 
constants  and  inverse  lifetimes  may  be  compared  to 
previous  literature  values  (table  1).  Our  value  of 
U?,'°>)",/[02]  agrees  excellently  with  the  deter¬ 
mination  via  IR  fluorescence  by  Rosen  and  Cool  [3], 
but  is  substantially  larger  than  values  obtained  by 
Kurylo  et  al.  [7]  and  West  et  al.  [5j.  However,  it  has 
been  pointed  out  that  the  NO  chemiluminescence 
technique  used  by  Kurylo  systematically  under¬ 
estimates  the  true  decay  constant  A21,  especially  for 
low  values  of  or*  kx/k2  [9].  Using  our  current  a 
value  of  1.6  one  expects  about  a  25%  error  in 
Kurylo’s  measurement.  There  is  also  reason  to 
believe  that  the  West  [5]  measurements  of  both  M 1 
and  Af1  via  IR  fluorescence  are  also  too  low,  as  their 
analysis  relied  on  an  approximation  valid  only  in  the 
limit  of  high  laser  excitation  [3],  a  condition  which 
was  not  experimentally  verified  and  which  becomes 


Table  t 

Comparison  of  values  for  the  O3-O3  second-order  rate 
constants  and  inverse  lifetimes  (Torr" 1  s  1 1 


This 

work** 

Rosen 

and 

Cool  (3] 

Kurylo 
et  al.  (7] 

West 
et  al.  [5] 

tK 

Wto,] 

1670*370 

_ 

1200*600 

*a/(Oj] 

990*110 

- 

- 

650*200 

A./IO,] 

2560*370 

- 

- 

1810*  450*” 

O 

Ai/lOJ 

640*  50 

625  ±  125 

425*40 

430*110*” 

*’  Errors  are  95%  confidence  limits. 

*”  From  published  values  of  A,/[Oj]  and  *j/(Oj]. 


O  20  SO  60 

|OjJ  (torr) 


Fig.  3.  bimolecular  inverse  lifetimes  aV*  "°7102]  and 
A?*'°7[Oj],  denoted  by  O  and  A,  respectively. 


progressively  inaccurate  as  the  decay  proceeds  to 
longer  times. 

The  accurate  determination  of  kX3  and  *31  from 
the  initial  portion  of  the  transient  (see  fig.  2b)  was 
hampered  by  the  poor  signal-to-noise  ratio  at  short 
time  scales  and  by  if  interference  caused  by  the  laser. 
The  expected  shape  of  the  transient  would  consist  of 
a  nearly  instantaneous  absorbance  change  associated 
with  the  laser-induced  population  of  the  (001)  state, 
followed  by  a  second  absorbance  change  occurring 
over  several  microseconds  which  would  be  associated 
with  energy  transfer  to  other  levels  within  the  vx  and 

manifolds,  principally  (100),  until  equilibrium 
within  these  manifolds  is  established.  The  observed 
traces  (fig.  2)  are  consistent  with  this  model  as  far  as 
can  he  determined.  The  magnitude  of  the  instan¬ 
taneous  absorbance  change  is  masked  by  the  laser 
noise  but  it  n  certainly  smaller  than  the  maximum 
absolute  value  of  the  transient,  since  absorbance 
decreases  as  the  vx^±v3  equilibration  proceeds.  An 
immediate  conclusion  which  may  be  drawn  is  that  at 
254  nm  the  (100)  state  is  more  transparent  than  the 
(001)  state. 

Given  the  poor  quality  of  the  data  we  have  not 
attempted  to  fully  model  the  transient.  Instead,  we 
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Sum  rules  for  overlap  integrals  are  presented  which  give  the  width  and  mean  frequency  of  an  electronic  spectrum  as  a 
function  of  potential  curves  and  internal  energy.  Exact  quantum  mechanical  results  are  compared  with  both  the  tradditkmal 
reflection  principle  and  a  modification  of  it  which  conserves  momentum.  Applications  to  real  spectra,  particularly  continu¬ 
ous  absorption  spectra  of  small  molecules,  are  discussed. 


1.  Introduction 

The  intensity  distribution  in  molecular  electronic 
spectra  is  generally  given  by  the  Franck-Condon  inte¬ 
gral,  the  evaluation  of  which  is  sufficiently  inconve¬ 
nient  that  approximation  methods  and  qualitative  ar¬ 
guments  are  often  invoked.  As  a  first  approximation, 
one  frequently  assumes  a  constant  electronic  transi¬ 
tion  moment,  reducing  the  problem  to  the  computa¬ 
tion  of  the  squared  overlap  integral,  IWf  I  ^j>|2  (1 ), 
where  and  \j/f  denote  initial  and  final  rovibrational 
wavefunctions.  A  second,  more  drastic  approximation, 
such  as  the  “reflection  principle”  (“delta  function  ap¬ 
proximation”)  (2,3]  is  often  used  to  evaluate  the  over¬ 
lap  integral.  Qualitative  arguments  have  been  derived 
from  the  reflection  principle,  as,  for  example,  the 
commonly  held  but  false  assumption  that  enhance¬ 
ment  of  vibrational  energy  necessarily  red-shifts  an 
absorption  spectrum  and  blue-shifts  an  emission  spec¬ 
trum  [4-6]. 

Ideally,  principles  by  which  electronic  spectra  are 
analyzed  should  derive  from  exact  quantum  mechan¬ 
ics  rather  than  approximations.  In  this  paper  sum 
rules  for  overlap  integrals  are  presented  which  yield 
exact  quantum  mechanical  expressions  for  the  width 
and  mean  frequency  of  an  electronic  spectrum  with¬ 
out  requiring  the  actual  computation  of  the  overlap 
integrals.  Previous  work  in  this  area  (5]  relied  on  the 


reflection  principle,  which  led  to  incorrect  results.  In 
addition,  exact  and  approximate  expressions  for  the 
overlap  integral,  including  two  distinct  forms  of  the 
reflection  principle,  are  compared  via  the  sum  rules, 
and  applications  of  the  theory  to  experimental  spectra 
are  discussed. 


2.  Diatomic  molecules 

Let  Ff(q)  and  Vt(q)  denote  final  and  initial  effec¬ 
tive  potential  functions  of  coordinate  q,  and  define 
&V*  Vf(q)-  K,(q).  Define 

=  1/  i<*fi*i>i2(*Ff , 

namely,  the  mean  or  expectation  value  of  (hvy*  for 
the  electronic  spectrum  arising  from  the  rovibrational 
level  i.  (To  compute  the  mean  from  a  spectrum,  the 
intensity  must  be  converted  to  an  overlap  integral 
squared  by  dividing  by  an  appropriate  power  of  (hv), 
and  by  assuming  a  constant  transition  moment  (1] .) 
The  sum  rules  are: 

1,2  only.  (1) 

For  shorthand  we  may  denote  the  right  hand  side  as 
<(A ty).  The  proofs  derive  from  elementary  operator 
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Fig.  1.  Model  potentials,  Kj  ■  q*l2,  V{  ■  (wf/cji)J(fl  -  « )*/2 
+  C  Energy  and  distance  are  dimensionless  (energy  is  in  units 
offtwj). 

algebra  (see  appendix),  yet  the  existence  of  these  iden¬ 
tities  appears  to  be  unknown  to  the  general  spectro¬ 
scopic  literature. 

Eq.  (1)  yields  both  the  mean  frequency,  (hp),  and 
the  variance,  o2  =  {(hp)1)  -  (hp)2,  of  the  spectrum. 
The  quantities  on  the  right  hand  side  are  readily  eval¬ 
uated  matrix  elements.  For  example,  with  harmonic 
oscillator  potentials  (refer  to  fig.  1  for  definitions  of 
S  and  O  the  results  are 

(l»w,Y-i<J,v>  «  ^£j(R  -  l)+R62/2  +  C,  (2a) 

(hwj)-2<(/iv)2>  -  (A&2/2  +  O2 

+  £j[(R  -  lX*«2/2  +  0  +  (RS)2] 

+  |(£i2  +  iX^-l)2.  (2b) 

where  EiMu>  +  1/2,  the  initial  vibrational  energy  in 
dimensionless  units,  and  R  ■  (tUf/ Wj)2,  the  ratio  of 
curvatures  in  the  final  and  initial  states;  wf  and  are 
the  corresponding  vibrational  frequencies. 


*  vuuuiuvc  flipccis 

Several  conclusions  are  readily  apparent  from  eqs. 
(2a)  and  (2b)  regarding  the  influence  of  internal  ener¬ 
gy  on  a  spectrum.  It  is  seen  from  (2)  that  vibrational 
energy  in  the  initial  state  affects  the  mean  frequency 
according  to  the  relationship  between  the  ground  and 
excited  state  curvatures.  Ifu>j“wf  the  mean  fre¬ 
quency  is  invariant  However,  vibrational  excitation 
always  increases  the  width  of  a  spectrum.  Isotopic 
substitution  win  affect  the  shape  of  the  spectrum  by 


changing  the  vibrational  energy  content,  essentially 
by  altering  the  zero  point  energy.  Rotational  energy 
plays  a  somewhat  different  role.  In  the  Q  branch  ap¬ 
proximation  (A/  =  0),  which  works  quite  well  for  dif¬ 
fuse  spectra,  AK is  unaffected  by  rotational  energy, 
as  the  same  centrifugal  terms  appear  in  both  effective 
potentials,  V{  and  Fj.  However,  ^(q)  is  shifted  to  a 
longer  distance,  thus  (hp)  will  shift  according  to  the 
behavior  of  A  V  at  that  distance. 

The  sum  rules  are  most  useful  for  continuous, 
bound-free  spectra,  where  the  lack  or  vibronic  struc¬ 
ture  precludes  a  conventional  analysis.  We  must  re¬ 
place  the  sum  by  an  integral  in  the  definition  of 
Hftp'fY,  Le., 

((hp?)  *  /  K^rl*i>l2(h»>)n  d£f, 

where  Ef  is  the  (continuous)  final  state  energy  and  the 
final  state  wavefunctions  are  appropriately  normalized. 
Eqs.  (2a)  and  (2b)  for  harmonic  oscillators  may  still 
be  used,  provided  that  Vf  as  well  as  Vi  may  be  ap¬ 
proximated  by  a  quadratic  function  in  the  Franck- 
Condon  region.  The  value  of  cof  chosen  for  the  final 
state  should  be  that  for  the  best  quadratic  approxima¬ 
tion  to  Vt  in  the  Franck-Condon  region,  regardless 
of  whether  VT  is  bound  or  unbound. 


Several  assumptions  are  required  to  apply  this 
treatment  to  polyatomic  molecules.  Let  the  initial 
and  final  potential  functions  be  given  by,  respectively. 


'i-b  no?*). 


Vf-Vi  +  C*  LAVk(qk), 


where  4*  is  one  of  a  set  of  /  normal  coordinates  refer¬ 
enced  to  the  initial  state  equilibrium  geometry.  Let 
the  wavefunctions  be  separable  according  to 

*  jfil,  +i  *  JJ  **(«*)• 
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and  the  total  energies  be  expressible  (in  dimensioned 
units)  as 

£-,»r+Kl-^(Fi  +  rik), 

£>  «  f  +  Kf  «  C+ ^  (F*  ♦  AK*  ♦  Tk%  (3) 

where  Tk  denotes  the  ft-coordinate  kinetic  energy 
operator.  It  may  be  shown  that  the  sum  rules  associ¬ 
ated  with  the  total  overlap  integral  squared  an 

<(Au-C)">-  ((£  «*  1,2  only.  (4) 

The  right  hand  side  is  decomposable  into  a  sum  of 
bracketed  quantities  which  may  be  computed  from 
eq.  (1).  For  example,  the  mean  and  variance  are  given 
by 

<A»>  *  £  <AK*>  +  C, 

°2’k* 

where 

o£»<(AK*)*>-<  AF*>2. 

Thus,  as  with  the  diatomic  case,  the  spectral  width 
and  mean  frequency  may  be  readily  computed  with¬ 
out  overlap  integral  evaluation. 

5.  The  reflection  principle 

Hie  reflection  principle  expression  for  the  overlap 
integral  squared  for  a  diatomic  molecule  is  (3] 

l<*fHM2  * 1  *lfo)|IW,V*¥ 1-1  •  (5) 

where  hv  and  q  are  related  by  hv  •  Vfa)  -  £j.  One 
way  to  assess  the  accuracy  of  this  expression  is  to  use 
it  in  computing  the  mean  frequency  and  variance  and 
compare  the  results  with  the  exact  solution,  eq.  (1> 
For  example,  let  us  consider  the  simple  model  In 
which  Vt  it  linear,  Vr  *  8*/2  ~  qt.  Eq.  (1)  gives 


<ftv)/fcu| »  52/ 2  -  (»'  ♦  i)/ 2  for  the  exact  overlap  in¬ 
tegral,  while  the  reflection  principle  predicts  (Ari/Acjj 
■  82/ 2  -  (u  +  $).  Gearly,  the  reflection  principle  errs 
substantially,  especially  in  its  prediction  of  the  mean 
frequency  at  high  v  levels. 

The  source  of  these  shortcomings  of  the  reflection 
principle  lies  in  its  incorrect  treatment  of  momentum. 
The  physical  interpretation  behind  eq.  (S)  is  that  the 
electronic  “Jump**  occurs  vertically  at  a  particular  in- 
temudear  distance  q  to  the  final  state  whoee  turning 
point  is  at  q.  The  find  state  momentum  at  q  it  there¬ 
fore  zero,  regardless  of  the  initial  state  momentum. 

The  reflection  principle  thus  violates  the  conservation 
of  momentum,  a  principle  whoee  applicability  to  elec¬ 
tronic  spectra  was  stated  by  Muliiken  [7]  and  has  been 
confirmed  by  temiclassical  calculations  [8] .  To  con¬ 
serve  momentum  one  must  require  that  the  jump  ter¬ 
minates  instead  at  a  state  having  energy  Et  such  that 
its  kinetic  energy,  Et  -  Vjjq),  equals  the  initial  kinetic 
energy,  £|  -  Fj(q).  This  modification  leads  to  an  alter¬ 
native  reflection  principle  expression, 

l<*fl*i>l2  *  l*t(q)l2ldAF/dqH ,  (6) 

where  hv*  AF(<j).  This  modified  reflection  principle 
has  the  interesting  property  that,  when  used  to  com¬ 
pute  mean  values  ((A*)*>  for  continuous  spectra,  eq. 
(1)  is  satisfied  for*# n.  That  is,  the  modified  reflec¬ 
tion  principle  correctly  predicts  the  mean  frequency 
and  width,  but  fails  to  correctly  predict  quantities 
((ft*)2),  etc.  For  discrete  spectre,  eq.  (!)  is  not  strictly 
satisfied,  tinea  quantization  of  hv  restricts  APfa)  to 
discrete  values,  although  it  is  inherently  a  continuous 
variable. 


Example  A.  Harmonic  potentials:  6>|  *  wf,  o'  *  0. 

The  exact  overlap  integral  squared  for  this  model 
using  the  initial  pound  state  wevefunction  is  the 
Poisson  distribution  function  [9] 

(7) 

where  v"  is  the  final  state  vibrational  quantum  num¬ 
ber.  The  reflection  principle  solution  (RP)  is 
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quantum  number  tot  tof  ■  wj,  t  ■  & - -  exact  solution, 

- -  R?  approximation, - -  MRP  approximation. 


•<iM\M2  *  «P{-t«-0^")V2l2) ,  (8) 

f  ‘  [*(l+2t,")]W 

and  the  modified  reflection  principle  solution  (MRP) 
is  the  gaussian  function 

(9) 

In  fig.  2  we  display  results  for  o  -  6.  While  u  ex¬ 
plained  earlier  the  MRP  yields  a  slightly  more  accurate 
value  of  the  mean  frequency  than  does  the  RP,  both 
methods  are  comparable  in  terms  of  overall  accuracy. 

Example  B  The  Suiter-  Wlekmd  equation 

The  Sulzer-Wieland  equation  [10,11]  gives  a 
simple  relationship  between  the  shape  of  the  absorp¬ 
tion  spectrum  of  a  diatomic  molecule  and  its  vibra¬ 
tional  temperature.  It  states  that  thejpectrum  is 
gaussian,  having  o2  proportional  to  Ev,  the  mean  vi¬ 
brational  energy  including  zero  point  energy. 

Although  previously  derived  from  the  reflection 
principle  using  the  linear  V{  model  discussed  previ¬ 
ously,  a  much  more  satisfactory  derivation  is  ob¬ 
tained  by  instead  applying  the  MRP  to  the  harmonic 
oscillator  model  of  example  A,  Indeed,  for  that 


model  the  proportionality  of  o2  to  mean  vibrational 
energy  is  rigorous:  for  a  distribution  of  vibrational 
levels  whose  population  in  level  v  is  Pv> ,  we  have, 
from  eqs.  (2a)  and  (2b), 

o2  =  ZW  =  S/V(i/  +  ^(hu)2  s62Euf\0) 

This  relationship  clearly  holds  even  for  non- 
Boltzmann  distributions. 

Example  C  Continuous  spectra  of  halogens 

As  noted  previously,  the  overall  shape  of  a  spec¬ 
trum  is  largely  unaffected  by  the  behaviour  of  the 
potential  functions  outside  of  the  Franck-Condon 
region,  so  that  overlap  integrals  applicable  to  discrete 
spectra  may  also  be  used,  with  suitable  modification, 
for  bound-free  spectra,  or  vice-versa.  For  example, 
the  potentials  in  example  A  can  be  applied  to  a  con¬ 
tinuous  spectrum,  such  as  the  visible  spectrum  of  Br2, 
by  substituting  the  Stirling  approximation  for  n!  into 
eq.  (7)  in  order  to  extend  its  application  to  non-inte- 
ger  u".  (The  Br2  potentials  strongly  resemble  those  in 
example  A  in  the  Franck-Condon  region.)  The  result¬ 
ing  expression  is  a  good  approximation  to  the  correct 
overlap  integral,  as  confirmed  by  the  fact  that  the  dis¬ 
crepancy  between  it  and  the  RP  expression  [eq.  (8)] , 
£5%,  is  the  same  as  that  found  between  the  exact  and 
RP  results  in  the  Br2  calculations  [11]. 

Example  D.  Diffuse  spectra  of  polyatomics:  simple 
models 

The  Sulzer-Wieland  result  discussed  in  example  B 
can  be  extended  to  many  polyatomic  molecules.  It  is 
frequently  the  case  that «,  *»  wf  for  most  of  the  nor¬ 
mal  modes  of  a  molecule.  With  this  assumption,  re¬ 
sults  from  the  previous  section  yield 

<hv>  ■  constant  and  o2  »  Esf  ]?*, 

where  Eg  is  the  mean  vibrational  energy  in  the  It**1 
normal  mode  and  Sg  is  s  constant  for  that  mode.  Fur¬ 
thermore,  it  has  also  been  shown  that  the  gaussian 
shape  characteristic  of  diatomic  absorption  spectra 
often  applies  to  polyatomic  spectra  as  well,  as  in  the 
case  of  alkyl  halides  [6] .  Changes  in  the  mean  fre¬ 
quency  with  isotopic  substitution  [6]  or  with  temper- 
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ature  are  not  accounted  for  by  this  simple  model. 
These  effects  would  arise,  as  in  the  diatomic  case,  if 
initial  and  final  potential  curvatures  are  not  identical. 
In  general,  the  shift  in  mean  frequency  will  be  given  by 
a  linear  combination  of  £*’s. 

A  specific  case  in  which  eq.  (1 1)  is  grossly  inappli¬ 
cable  is  when  the  find  electronic  state  ia  dissociative 
qjong  an  asymmetric  stretching  coordinate,  i.e.,  has  a 
symmetrical  “hump”  rather  than  a  well.  R  (defined 
previously)  will  be  negative,  hence,  according  to  eq. 
(2a),  ihv)  will  be  strongly  red-shifted  with  increased 
vibrational  excitation.  An  example  is  the  Hartley  ul¬ 
traviolet  band  of  ozone,  where  the  terminal  potential 
is  the  dissociative  *83  state  f  12).  Vibrationalty  ex¬ 
cited  ozone  indeed  has  an  absorption  spectrum  that  is 
red-shifted  relative  to  unexcited  o2one  (4,13,14). 

In  treating  a  fluorescence  spectrum,  It  mutt  be 
noted  that  the  initial  ttates  that  contribute  to  the 
spectrum  are  not  simply  the  available  ttates,  but  con¬ 
sist  of  only  those  states  which  are  optically  pumped 
at  that  specific  wavelength.  At  an  example,  we  con¬ 
sider  the  LIF  spectra  of  polycyclic  aromatic  hydro¬ 
carbons  taken  over  a  wide  temperature  range  l IS]. 

The  spectrum  of  pyrene  excited  at  310  nm  displays 
an  enhanced  width  at  high  temperatures;  from  eq.  (I  >) 
we  may  infer  that  both  pound  and  excited  vibra¬ 
tional  states  are  being  excited  at  this  wavelength.  On 
the  other  hand,  the  spectrum  of  fluoranthene  excited 
at  323  nm  displays  very  little  temperature  dependence, 
so  it  may  be  inferred  that  mainly  ground  vibrational 
states  are  excited. 


7.  limitations 

As  mentioned  previously,  a  constant  transition 
moment  has  been  assumed  in  the  derivation  of  the 
above  formulas.  This  approximation  is  quite  good  in 
many  instances  (e.g.,  bromine  ( 1 1  ]  X  but  may  be  un¬ 
satisfactory  in  others,  particularly  where  the  initial 
state*  are  highly  excited  vibrational  levels.  A  second 
approximation  was  invoked  for  polyatomic  molecules, 
namely,  that  both  initial  and  final  potential  functions 
be  separable  into  terms  K*(q*),  where  vibrational 
motion  in  both  initial  and  find  states  is  describable 
using  the  same  set  of  normal  coordinates  q*.  This  ap¬ 
proximation  is  satisfactory  when  the  initial  and  final 


state  equilibrium  geometries  are  similar.  When  they 
are  dissimilar,  a  new  choice  of  coordinates  can  often 
be  made  to  maximize  the  separability  of  both  V\  and 
Vf.  However,  on  some  potential  surfaces  (a  possible 
example  is  the  dissociative  lBg  state  of  ozone)  there 
may  be  no  good  choice  of  coordinates,  the  vibrational 
motions  being  strongly  coupled  in  every  possible  set 
of  coordinates,  in  this  case  it  would  be  inappropriate 
to  use  eq.  (4)  to  compute  (hv)  and  a1.  Instead,  eq. 

(1)  may  be  used  if  is  understood  as  the  total  vibra¬ 
tional  wavefunction,  q2-  —  ?/)>  >“<1 AK as  the 
total  difference  potential  surface,  AFfaj,  q2, ...  qj)- 
In  the  light  of  the  foregoing  limitations,  caution  arid 
discrimination  is  urged  in  applying  the  formulas  pre¬ 
sented  here  to  red  molecules. 


AckMowMgHMnt 

This  work  was  supported  by  the  Air  Force  Geo¬ 
physics  Laboratory,  Hanscom  AFB,  under  Contract 
F 1 9628-80-C-0028. 


AppewHx:  Proof  of  eq.  (1) 

The  proof  for  n  *  1  is  analogous  to,  but  simpler 
than,  the  following  proof  for  n  -  2: 

<^,l(AK)2|d»i>*<^l(£f-£1)Jl*,> 

« <*,«?!*,> -<*il  fftW 

where  £j  and  E{  denote  hamiltonian  operators.  Let  us 
substitute  Ct  •  Ef  <^f  I.  For  example,  the  first 

term  of  the  above  four  is 

Dsfine  <*,!*,>,  S*  ■  ISIJ  -  SS*\  then  the 

first  term  is  £f!Sl2£f .  Similar  operations  on  the  re- 
mdnlng  three  terms  yield 


426 
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(^(AVpi+i)  -  S  \S\2(Ef  -  IE  ft  +  E2) 

•  ElS|2(£f-£,)i»<(*y)2>, 

completing  the  proof.  The  failure  of  eq.  (1)  for  n  ■  3 
and  higher  it  explained  at  follows.  Consider,  for 
example, 

<*,I(AF)3|*1>  « 

which  yields  eight  terms  upon  expansion.  One  of  the 
terms  is 

<*1l*f*l*fl*l>  -  T,SE{*t\Eft\+}. 

If  eq.  (1)  were  to  be  satisfied  for  n  «  3,  this  term 
would  have  to  equal  2fISl2ff£j.  However,  this  can 
be  true  if  and  only  if  fj£r  »  Eft,  which  holds  only  in 
the  special  case  AV  m  Ef  -  E^m  constant  This  line  of 
reasoning  thus  restricts  eq.  (1)  to  values  n  <  3  for  the 
general  case. 
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Ultraviolet  oontinuum  spectroscopy  of  vibrationally  excited 
ozone 

S.  M.  Adler-GoMan,"  E.  L  flchwHwr.  and  J.  I.  StterrfeW 

Dtpartmtnt  of  Cktmiufy,  tiumcknntu  InMttu*  tf  Trckneioo-  Cmte»>  HmmchHM ts  02139 
(Kswftsd  >  NgNssbac  mi;  asetgasi  16  Nov— Aw  »#•!> 

A  mode)  is  pXMoX  fer  the  Hartley  Stexvidet  lytctrum  at  vibratiotHy  excited  otooe  band  upon 
mfrared-oftraviefct  double  hwmM  ipectroscopy  and  previous  temperature-dependent  absorption 
atmuramnti  The  Sosbte-rmoftsncc  Ir—gent  arieea  from  «  3300an~‘  red  dlift  of  the  absorption  spattnmi 
of  omt  excited  Kfo  the  ttneeUng  vibrackmal  sums,  Pith  respect  to  the  ground  vibrational  stale,  the 
doaUeuesoMUes  toStAad  is  used  to  study  relaxation  kinetics  of  vibrationally  excited  oxone  sad  to  measure 
infrared  energy  deposition  resulting  frot  CO,  laser  pumping.  the  energy  dtpOsMflh  is  found  to  setde  Kn surly 
with  isnepli  pressure  and  with  infrared  flumee,  except  for  excitation  eet-reeooence,  which  is  strongly 
—■rated.  The  UV  spectral  mmM  it  aim  used  to  calculate  the  UeveiengtJi  aUd  temperature  dspeadMCe  of  the 
plMedhsecuuicu  guuatadl  yilMl  which  is  as  MpMam  component  of  stratospheric  pmeotheWstry. 


I.  INTRODUCTION 

The  ultraviolet  absorption  spectrum  of  atone  te 
among  the  most  important  (sdsree  at  that  molecule, 
one  of  the  key  apeeteS  in  stratoupharie  photochemistry.  * 
Despite  extensive  study,  many  qoestfofte  remain  con¬ 
cerning  the  Hartley  contlmimrt,  a  strong  and  nearly 
structureless  absorption  feature  tn  the  vicinity  of  MO- 
300  nm.  Another  pobrly  understood  yet  lMpMtfrt  sub¬ 
ject  concerns  properties  of  rtbrattohatly  excited  oxone, 
an  abundant  species  formed  in  the  O+Ofc  f+  Af|  recom¬ 
bination  process.1"4  The  ultraviolet  spectrum  at  Vfbra- 
tionalty  excited  oxone  is  a  potenttatfy  ortHeSt  ingredient 
in  stratospheric  modeling. 

In  this  article,  ate  discuss  recent  experimental  aed 
theoretical  work  which  sheds  further  light  Oft  Hie  ultra¬ 
violet  spectroscopy  end  kinetic  properties  of  Vibps- 
tlonally  excited  osone.  The  dXpertmentaS  technique 
utilized  is  infrared— ultravlotet  double  resonance  spee- 
troscopy,  in’ which  Hie  asymmetric  stretching  moth  ( «*) 
is  pumped' by  a  pulsed  CQ*  laser  end  the  Hartley  ab¬ 
sorption  band  is  probed  by  a  continuous  UV  source. 

The  apparatus  has  betel  described  previously1;  minor 
modifications  are  mentioned  herein.  Similar  experi¬ 
ments  have  also  been  performed  indbpSadtetfty  by 
McDide  2nd  McGrath.  *,T  The  IRUVDR  work,  combined 
with  absorption  spectrum  data  and'  at>  MHO  calcula¬ 
tions,  yields  a  seff-conslstertt  model1  for  the  Hartley 
band  spectroscopy  of  vlferattonaiiy  excited  osone.  Ap¬ 
plication  of  this  model  enables  us  to  determine  rate 
constants  for  vibrational  energy  transfer,  obtain  in¬ 
formation  on  Hie  IR  laser  excitation  process,  and  evalu¬ 
ate  the  hypothetical  Influence  at  Vibrational  excitation 
on  stratospheric  ostme  photolysis  in  the  ultraviolet  re¬ 
gion. 

II.  SPECTROSCOPIC  MODEL 

Portions  at  the  potential  energy  surfaces  for  the  elec¬ 
tronic  states  involved  in  the  Hartley  ultraviolet  transi¬ 
tion  have  been  obtained' from  oft  initio  computations*; 


-  *4 

*’ Present  address!  Spectral  Sciences  Inc. ,  Burlington,  Moss, 
01803. 


thus,  FranCk -Condon  intensity  calculations  on  the  Hart¬ 
ley  band  are  possible  in  principle.  Unfortunately,  such 
spectral  calculations  have  yet  to  be  performed,  one 
major  difficulty  being  the  strong  coupling  between  the  two 
stretching  motions  on  Hie  upper  surface.  Nevertheless, 

P  quaiftattve  understanding  of  the  shape  of  the  Hartley 
Hand  and  its  dependence  upon  vibrational  excitation 
may  be  readily  obtained  from  simple  arguments.  Let 
us  asddmfe  teat  the  total  vtbratfonat  wave  function  may  be 
approximated  as 

<H<h,  ft,  ft)  *  Kwii<k)  **•»**(  ft,  Ot),  (1) 

and  teat  the  tower  and  upper  potential  functions  satisfy 

ft,  ft)  -  Vf(ft,  g|,  ft) 

■tWeUiiWh,  ft) ,  (2) 

Where  <&  is  the  bending  Coordinate  and  ft,  <h  are  the 
symmetric  and  asymmetric  stretching  coordinates, 
respectively.  The  essence  of  these  equations  is  that 
bending  Vibrational  motion  lb  assumed  te  be  decoupled 
from  tee  stretching  motions.  The  mean  transition  en¬ 
ergy  of  tee  spectrum  <*r>  m  teen  given  [see  ip;  (4)  of 
Ref.  9]  by 

(At»)  -  (Psms  i  A  Vims  I  fWea ) 

+  (^etittakl  A  Vatntokl  ^•t  notes  >.  (») 

The  shift  in  the  spectrum  upon  vibrational  excitation  in 
the  bendihg  mode  may  thus  be  written  as 

(h»)m  -  (h  v)w  AI^mI  fins) 

-<4n|AVteJ)«.n>,  (4) 

where  the  superscript  refers  to  the  bending  quantum 
number.  This  expression  may  be  evaluated  from  Eq. 

(2a)  of  Ref.  9  using  the  vibrational  frequencies  derived 
front  the  ob  initio  calculations,  yielding  e  result  of 
- 150  cm'1.  Thus,  one  may  conclude  teat  excitation 
into  the  bending  mode  will  cause  only  a  small  red  shift 
in  the  spectrum.  The  small  magnitude  Of  the  shift  re¬ 
sults  from  both  ground  and  excited  electronic  state 
bending  frequencies  being  roughly  similar.  As  it  is 
also  predicted  from  the  ab  initio  calculations  (and  has 
been  demonstrated  experimentally")  that  the  equilibrium 
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bond  aaglM  or*  also  quit*  similar  In  the  two  atatea, 
only  a  alight  ehange  In  apsctral  breadth  with  bonding 
sanitation  la  axpactod.  Thus,  both  (010)  and  (000) 
stataa  of  osona  should  bar*  Hartlay  absorption  apaetra 
of  nary  similar  shapes. 

On  tha  other  hand,  sanitation  Into  either  at  the  stretch* 
Inf  modes  la  predicted  to  have  a  very  large  effect  upon 
the  Hartlay  band.  The  upper  potential  has  a  double 
minimum  along  the  ft  direction,*  hence  excitation  Into 
the (001)  state  should  yield  a  substantial  red  shift.* 

Also,  at  large  displacements  from  the  electronic  ground 
state  geometry,  the  upper  surface  should  have  a  dis¬ 
sociative  trench  along  the  directions  corresponding  to 
the  stretching  of  each  bond  separately;  these  directions 
arc  admixtures  of  both  ft  and  ft  coordinates.  Thus, 
one  expects  that  at  the  long-wavelength  end  of  the  spec- 
tram,  which  reflects  Franck-Con  don  overlap  in  the 
trench  region,  both (100)  and (001)  states  may  have  com¬ 
parably  large  absorption  coefficients. 

A  spectral  model  for  the  Hartley  band  Is  suggested 
by  the  above  discussion  and  may  be  summarised  as 
follows.  Denoting  Pirn  as  the  fractional  population  of 
ground  electronic  state  ox  one  in  the  ( ij  A)  vibrational 
stats,  having  an  absorption  coefficient  (<rt(v),  then 
at  low  excitations 

where  from  the  above  arguments  ««•"  <«•.  Further¬ 
more,  under  conditions  where  J*M  and  1^  are  In 
equilibrium,  their  populations  are  la  roughly  the  same 
relative  proportion,  at  end  above  room  temperature. 
Therefore,  we  may  write 

Pm<m+ Aa»)«*  »  (•) 

where  c*  is  the  population-weighted  average  extinction 
coefficient  for  the  first  excited  stretching  modes.  The 
final  result  Is 

which  Is  a  two-parameter  approximation  to  the  vlbra- 
tt anally  excited  Hartley  continuum. 


FK}.  1.  The  absorption  spectrum  of  1100)  plus  (001)  sxolted 
ououea*  la  the  2M0-M80  A  regioe.  Dashed  curve  is  the  soiU' 
tlon  of  thro#  simultaneous  equations  based  on  Eq.  (8),  using 
spectra  of  800,  300,  and  333  K  from  Ref.  11.  Solid  curve  la 
obtained  by  netting  end  using  only  the  200  and  333  K 

spectra. 


FK!.  2.  Absorption  spectra  of  osono  te  the  8380—3330  A  re¬ 
gion,  obtained  by  solution  of  throe  simultaneous  equations  booed 
on  Eq.  (3).  Solid  curve  is  ‘m,  daahad  curve  la  «m. 


The  apectral  model  expressed  by  Cq.  (7)  is  subject 
to  experimental  verification.  Several  Independent  teats 
which  lend  support  to  tola  model  ere  described  below. 

A.  Tampowhirs  dependence 

The  moot  comprehensive  study  of  the  temperature - 
rtependunca  of  the  Hartley  bund  1s  the  work  of  Simons 
•t  nf.u  who  measured  spectra  at TOO,  300,  and  333  K. 
Bair  baa  provided  ns  with  the  absorption  coefficient 
data  in  tabular  form,  which  te  used  in  the  following 
cniculatione.  From  Kgs.  (5)  and  (0)  we  can  obtain  a 
three-parameter  equation 

*•  •am* *fcte «•»#+( t  (•) 

from  which  it  is  possible  to  solve  explicitly  for  *m. 

Cm,  and  c*  given  the  three  experimental  spectra.  In 
practice,  the  solutions  are  very  sensitive  to  experimen¬ 
tal  errors,  such  ns  normalisation  of  the  spectra,  due 
to  the  weakness  of  the  temperature  dependence.  For  this 
reason,  wn  have  restricted  the  analysis  to  the  apectral 
region  whom  the  temperature  effect  is  greatest.  The 
aoluttona  of  Bq.  (8)  are  depleted  la  Figs.  1  and  2.  The 
"nolee”  arises  from  the  small  amount  at  structure 
present  In  the  original  spectra,  it  la  observed  that,  to 
within  the  notes  level,  the  hypothesis  that  i* 

confirmed.  The  conjecture  by  Bair  end  others*1’1*  that 
<m  in  rad  shifted  by  ~  700  cm*1  relative  to  (ho  appears 
to  be  unjustified, 

B.  IRUVDR  experiments 

In  the  Infrared  -ultraviolet  double  resonance  experi¬ 
ments,  *~*  the  CO,  laser  populates  the  (001)  state,  which 
rapidly  equilibrates  with  the  (100)  state;  then  both  levels 
decay  according  to  the  same  double  exponential  function 
as  Is  observed  in  Infrared  fluorescence  experiments.1*’1* 
Equation  (7)  Implies  that  the  absorbance  transient  ob¬ 
served  following  laser  excitation  should  be  proportional 
to  the  excited  stretching  mode  population  and,  thus, 
should  obey  the  same  time  dependence.  This  behavior 
has  previously  been  demonstrated  in  the  254  nm  re¬ 
gion,*  and  new  measurements  using  interference  filters 
at  289  and  313  nm  also  yield  the  same  results.  The 
rate  constants  for  vibrational  energy  transfer  measured 
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FIG.  3.  Dependence  of  the  i—gnltnds  of  Ihtf  BftTVDIi  trsnetedt 
upon  wavelength.  Solid  curve  to  *  *  -«  *»,  from  the  300  and 
333  K  data  of  Ref.  It.  The  daohed  carve  cooneofo  the  IfttVDU 
dot*  points,  the  vertical  seeling  Swung  been  edpwtad  «t  MM  Mm 
amplitudes  of  the  two  curves  dr*  (MMr. 


at  all  three  wavelengths  agree  we»  wMb  hwM«  uhtahwf 
via  Infrared  fluorescence, ,x  14  Mo  Has  been  dlaCM as* 
previously.* 

Another  test  of  the  assumption  (hot  <as  ess  Msr 
derived  from  the  wavelength  dhpewdeaew  of  Me  MfM 
transients.  According  Go  Etr.  (-TV  the  chdstgs  he  MS 
spectrum  with  temperature,  being  due  sotsfy  tosses# 
excited  In  the  stretching  modes,  should  seats  wttb  One 
laser-induced  transients,  By  adding  a  monochromator 
to  the  previously  described  apparatus,1  we  mlMMdd 
the  magnitude  of  the  initial  transient  at  a  another  of 
wavelengtos  relative  to  Mat  at  299’ arav  Me  found*  that 
by  using  an  appropriate  scaling  factor,  the  laser-in¬ 
duced  transients  could  indeed'  approximate  the  tem¬ 
perature-induced  absorbance  change  rather  Well,  as  to 
shown  in  gig.  &  The  slight  recT  aHlA  of  the  spectrum 
derived  from  IRUVDR  relative  to  that  derived  from  the 
temperature  dependence  may  be  due  to  a  smelt  quantlfr 
of  multiply  excited-  vibrational  levels. 

Several  other  IRUVDR'  measurements  ere  capable  of 
testing  the  spectral  model  developed  here.  One  mea¬ 
surement  involves  choosing  >*2 71  nm;  when  the'  in¬ 
stantaneous  laser  transient  is  found  to  be  «*ro; r  hence 
<om  ° <*•  if  «<ru  were' significantly  different  from  (M  at 
that-  Wavelength,  then  a  transient-  corresponding  to  ( 0101 
population  would  appear.  Hbwever,  none  la  observed, 
either  in  the  current  or  ih  previous  work.  ’  A  small, 
gradual,  downward  shift  of  the  absorbance  does  occur 
on  a  relatively  long  time  scale.  We  ascribe  this  to  rare¬ 
faction  of  the  sample  caused  by  the  temperature  rise 
accompanying  the  V-*f  process. 

Equation  (7)  may  atotPb*  tested' by  an  analysis  of' 
IRUVDR  signals  which  peesess  a  stow  decay  component, 
such -as  those  at  310$#  displayed  lb  Refb;  6  and  7. 

This  component  has  been  asnigned'to  thermally  equili¬ 
brated  aeons,*  and  its  magnitude  is  therefore  related 
to  the^quantlty  of  vlbrntlonally  excited  otone  Initially 
forined.  For  the  date  of  Refs.  9  and  7;  Eq.  ( 71  pre¬ 
dicts  a  fractional  excitation  [0$l  /[O,  |IM(I  of  0.  US 


*  0.020  baaed  on  the  magnitude  of  the  Initial  transient, 
and  idsdating  a  Value  for  <*/«„*  *  12  ±  2.  In  that  range 
of  excitation,  the  quantity  of  (100)  pint  (001)  vibrational ty 
excited  Ob  one  remaining  titer  thermal  equiltbrstion  is 
0. 10  of  that  Initially  produesd  by  the  laser  pulse  (In  pure 
osone),  hence  Eq.  (7)  predicts  that  tbs  magnitude  of  the 
alob  decay  component  shotfld  be  0. 10  of  that  of  the  initial 
transient.  Experimentally,  the  amplitude  of  the  stow 
decay  component  Is  found  tohs0.lli0.03of  that  of  the 
initial  transient,  in  excellent  agreement  with  the  pre¬ 
ceding  estimate.  A  potential  complication  would  be  the 
partial  transparency  Induced  by  sample  rarefaction,  as 
discussed  above,  but  at  910  nm  this  should  Meet  die 
stow  edmpuneut  by  only  about  10%  of  Its  magnitude, 
and  esa  Mere tors  be  neglected.  Thus,  it  is  assn  that 
Eq.  (71  satisfactorily  describes  the  absorb— te  at  310 
nm  over  Me  range  0. 01  ~[0{]  /fO^lutu  SO.  1. 

A  m afpir  MtftosKy  In  MS  determtouttoo  of  <*  by  the 
iruVDR  method  is  t«  meaaurtsg  sccaratsty  the  quant  ity 
of  vMranouany  excited  oso—  to  which  the  UV  absor¬ 
bance  freWstenf  corresponds,  in  principle,  Mis  cm  be 
Mi  te  otuntnt  jfftiiuifhw  ct  fti  bttn 

pnssMg  Mrodgh  Me  sample,  this  proved  to  be  a  dtf- 

<KuK  VNIWVimi  UDmi  ODr  mmlMK  Mm  C—i“ 

Mn. »  _  ^  A  MAMeueutoUf 

wKDOB— p  ww^— 

under  conditions  of  high  excitation  to  described  below, 
tn  dec.  mBi. 

*y  - :* l  AEsMMMte’  ^ iMM 

w.  iwn^Mmon  or  ioior|poon  spvcirv  or  norononpiy 

According  to  Eq.  (7),  K  Is  suffieMM  to  deter mtoe 
4XrV  in  order  to  explain  satisfactorily  Me  sphefrum  of 
mm  excited  to  tow  level*  of  excitation.  There  nr*  two 
way*  to  obtain  <*,  ms  moaf  direct  being  from  Mn 
lRUVflK  tranotents.  the  maw  dtfficutty  is  in  the  man- 

— .  i..t  ,.3..s  .  ..mi ^  AfttMaEMAUlkm  .at 

^wnciiy  ok  Tionnwimny  siiss# 

formed  in  the  laser  pbine,  as  noted  shove.  M  the  pTe- 
vtoM  Mcnon  vf  uve  vfamMn  cm  rrtcnoMH  wciunoo 
for  Me  sxperiumtal  conditions  of  Refs.  #  end  7,  vis. 

(IK  115*  <1.  Old),  which  fortuitously  coincides  wRh  Me 
vatbe  which  Waa  used  therein  to  Ms  dstermwatto*  of 
<* .  The  spectrum  shows  a  broad  punk  at  2930  A  and 
falls  Off  somewhat  more  sharply  to  the  blue  than  to  the 
red,  reaching  a  near  aero  value  at  around  2300  A.’ 

Another  way  to  obtain  t*  is  from  the  difference  be¬ 
tween  spectra  Mean  at  different  temperatures.  Figure 
S  depicts  <*  determined  from  Me  393'  and  200  K  spectra 
of  Simons  et  el.  “  Due  to  the  weubneae  of  the  tempera¬ 
ture  dependence  the  spectrum  is  not  highly  accurate, 
especially  sway  from  the  red  end.  A  possible  error  m 
relative  normalisation  of  the  original  spectra  would  be 
espeetetly  troublesome,  and  a  residue  of  structure  in 
those  spectra'  gives  c*  an  artificially  jagged  appearance. 
Despite  Mom  deficiencies  the  spectrum  Is  strikingly 
similar  to  the  iruvdR  result  of  Riff.  7.  The  <*  spec¬ 
trum  also  bears  s  strong  resemblance  to  the  “osone 
precursor"  spectrum  observed  by  several  others  during 
formation  of  otone  from  oxygen  at  atmospheric  pres¬ 
sure,  w,rt  and  which  has  been  ascribed  to  vtbrationally 
excited  osone.  **'lt 

in  summary,  the  approximate  shape  of  the  <*  spec¬ 


ie 
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FI}.  4.  The  Hartley  absorption  epectrum  of  osooo.  The 
deehed  curre  le  the  200  K  epectrum,  and  the  eolld  curve  la  the 
rlhrettnnelb  excited  epectrum  <*,  e  portion  of  which  la  dl»- 
played  In  Fig.  1. 


tram  hoe  been  determined  from  both  the  temperature 
dependence  of  the  UV  absorption  epectrum  end  the 
IRUVDR  measurements  in  Ref.  7.  While  more  accurate 
data  on  the  Hartley  absorption  continuum  are  clearly 
needed,  the  existing  data  are  useful  for  a  number  of 
applications.  Several  Such  applications  are  discussed 
In  the  following  section. 

III.  AFFLICATIONS  OF  THE  SWCTRAL  MODEL 
A.  Rate  constants  for  vibrational  energy  trarafer 

The  alteration  of  the  Hartley  continuum  caused  by 
vibrational  excitation  finds  a  very  useful  application  In 
the  data  i  mix  all  nn  of  rate  constants  for  vibrational  en¬ 
ergy  transfer  by  IRUVDR.  Rs  extremely  high  sensi¬ 
tivity  and  the  absence  of  systematic  error  may  make  it 
the  method  of  choice  for  the  study  of  relaxation  rates 
for  the  singly  exetted  vibrational  levels  of  oeone,  as 
has  been  discussed  previously.*  In  Ref.  5,  we  esti¬ 
mated  a  crude  lower  limit  for  the  rata  of  the  rapid  ^ 

**  i*  equilibration  process,  on  the  order  of  1<? 

Torres'*,  from  the  "Induction  time”  of  the  initial 
IRUVDR  transient.  These  measurements  have  now 
been  repeated  at  much  lower  oeone  pressures,  using 
an  improved  apparatus,  employing  collinear  Infrared 
and  ultraviolet  beams  in  either  a  120  or  a  20  cm  cell, 
similar  to  the  configuration  of  Ref.  6.  Using  an  inter¬ 
ference  filter  at  220  nm,  the  wavelength  of  greatest 
sensitivity,  we  were  able  to  achieve  a  detection  limit  of 
about  10*  molecules  cm**  of  0$,  by  averaging  over  sev¬ 
eral  hundred  laser  pulses.  At  a  total  pressure  of  0. 07 
Torr  the  transient  was  observed  to  be  essentially  In¬ 
stantaneous  to  within  the  combined  response  time  of  the 
electronics  and  laser  pulse  width,  around  1  or  2  ms. 
Thus,  the  previously  reported  induction  time  should  be 
attributed  to  electronic  Interference  from  the  laser, 
rather  than  to  any  kinetic  process. 

There  are  two  possible  explanations  for  the  virtually 
Instantinsmis  onset  of  the  transient.  One  is  that  the 
(OOt)**(lO0)  equilibration  occurs  within  the  observed 
rise  time,  requiring  a  nearly  gas  kinetic  collision  rate, 
dace  the  energy  transfer  per  collision  is  only  60  cm*1, 
this  explanation  is  certainly  plausible.  A  second  pos¬ 


sible  aaptenutten  Is  that  <wa  («,  at  269  nm,  making 
the  eqnlUbratlsa  presses  I  nr  ape  his  of  observation.  To 
dtattagateh  between  these  hypotheses  one  should  take 

wavelengths,  It  being  unlikely  that  <w*  Un  (or  all  wave¬ 
lengths.  We  have  carried  oat  some  measurements  in 
the  264  and  210  am  regions  which  yielded  similar  results 
as  at  2tt  nm;  however,  due  to  lower  sensitivity  the 
osone  pressures  required  were  several  times  greater. 
Thus,  it  is  not  possible  to  establish  unambiguously  a 
value  for  the  (001)  **(1001  equilibrium  time  from  this  ex¬ 
periment. 

B.  Vibrational  energy  deposition  following  CO,  later 

NTVMDOn 

The  excitation  of  molecular  species  by  high-intensity 
infrared  radiation  is  a  widely  studied  but  still  incom¬ 
pletely  understood  process.1*  At  very  Ugh  laser  In¬ 
tensities,  oaous  is  reported  to  undergo  multiple-photon 
dissociation**;  at  lower  intensities,  soch  as  those  avail¬ 
able  from  an  unfocused  CGfc  laser  beam,  the  excitation 
proceee  is  surety  teas  complex,  but  by  the  eeme  token, 
the  low-lateaatty  excitation  regime  may  be  more  readily 
understood,  especially  given  the  well-known  spectros¬ 
copy  of  the  low  vibrational  levels,  the  IRUVDR  meth¬ 
od  provides  a  convenient  and  sensitive  technique  for 
measuring  the  fractional  excitation  of  osone  [0{]  / 
[Okliat*.  We  denote  this  quantity  by  (a),  the  mean  num¬ 
ber  of  IR  photons  absorbed  toy  molecule,  since  at  the 
low  levels  at  excitation  studied  here  the  population  of 
multiply  excited  osone  molecules  Is  negligibly  small. 

We  present  experimental  results  (Or  (n>  as  a  function 
of  total  pressure  (O,  +0*),  and  infrared  frequency 
end  fluence  in  the  single-photon  regime,  along  with  mod¬ 
el  calculations  which  aid  la  Interpreting  the  data. 

1.  Experimental  meeturementt 

Moat  of  the  date  were  obtained  from  measurement  of 
the  UV  transient  using  a  260  nm  interference  filter. 
Collinear  Infrared  and  ultraviolet  beams  were  employed 
in  a  1*20  cm  cell,  care  being  taken  to  insure  complete 
overlap  of  the  UV  beam  by  the  IR  beam.  The  seaattivtty 
was  sufficient  to  allow  single-shot  measurements  of  the 
transient.  Infrared  fluence  passing  through  the  rear 
trie  with  the  cell  evacuated  wee  measured  with  a 
Sc  ten  tech  S60102  power  mater.  The  fluence  measure¬ 
ments  represent  an  average  over  the  beam  area,  the 
actual  beam  intensity  displaying  Interference  fringes 
resulting  from  passage  through  the  Irises  and  e  ger¬ 
manium  beam  splitter.  The  ~20  nm  bandwidth  of  the 
UV  filter  posed  a  potential  problem  due  to  wavelength 
variation  of  absorption  coefficients  of  O,  and  Oj . 
Fortunately,  however,  the  269  nm  wavelength  lies  near 
a  flat  portion  of  the  A<  *<•  -cM  curve  (see  Fig.  3). 

A  reasonably  well-determined  value  of  tt*1.6x  10* 
l mol*1  cm*1  (beet  101  may  be  therefore  assigned  on  the 
basis  of  the  spectral  model  in  order  to  relate  the 
transient  absorbance  AA  to  the  quantity  of  Oj  profeced, 
via  the  equation  A A  *[oS|tA«. 

Despite  the  wealth  of  evidence  presented  earlier  to 
support  the  basic  validity  of  the  spectral  model,  its 
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absolute  neeuracy  baa  not  yet  been  quantified.  Hsnca, 
the  nlw  of  M  cited  above,  and  thus  the  corresponding 
value  of  <s>,  art  a*  unknown  accuracy.  Wa  therefore 
nnM  out  a  donbla  aback  a*  tha  shove  msthed  lor  da* 
termiotag  (a)  by  using  •  euff teteuUy  hick  pressure  at 
Oi  and  total  pressure  ("*  Torr  Ob  Id  10  Torr  total 
pressure)  to  obtain  measurable  attaouatlon  of  tha  00b 
laaar  beam  during  passage  through  tha  call,  than  aa- 
tabttshiag  a  dUract  determination  of  deposited  infrared 
aaercr.  Unfortunately,  tha  UV  optical  density  at  that 
oaona  pressure  la  ton  great  to  permit  a  simultaneous 
measurement  of  tha  MO  nm  transient,  Wa  sircumveated 
that  problem  hr  uaiog  a  919  an  tatarforaaaa  filtar  In¬ 
stead,  and  saallag  tha  &A  value  measured  at  119  am  to 
a  hypothetical  value  at  90S  nm,  using  the  previously 
measured  ratio  hataaaa  tha  mwm  traaalonta  at  these 
too  wavelengths.  Tha  resutttag  value  at  <n>  was  about 
4d%  tower  than  that  datsriwinad  directly  by  infrared 
tree  emission  la  two  gaparata  aapertma  ate.  ConsW ar* 
lag  tha  aaeertntnttes  la  the  measure  meals  and  la  tha 
vales  of  do,  and  la  view  at  the  peeetMe  inftaoaee  of 
assMpty  aagHed  sMraMeaal  leasts  ((n)  was  about  0.9  in 
these  mmeaeomintal,  thte  — roomoat  la  tolerable. 

We  eandude  that  the  tesbstgus  gf  deter  ml  atag  (a) 
from  fltUVMt  traaoteato  may  be  subject  to  a  systematic 
error  of  up  to  09%.  —trover,  as  it  la  likely  that  much 
at  m s  discrepancy  ta  related  to  the  eoadtttaas  employed 
la  this  parttsntar  saperlrnem,  the  data  uhieh  (allow, 
takes  at  lower  depreee  at  eaettaHea  sad  selsg  the  Mb 
am  haadpaaa  filter,  are  prshahly  of  oeeetderaMy  hatter 
accuracy.  The  preeietee  of  aa  ladivldsal  meaauroiaaat, 
arlstag  prtnctpslly  from  vsrlatissa  la  Udvared  (seer 
flume*  pseeiag  through  tha  eeU,  Is  os  the  order  at 
*20%. 


rm.  S.  Mean  fractional  exultation  ot  oiom  by  CO,  loser  ir¬ 
radiation  for  different  laser  lines  in  the  9.  d  m  m  P  branch, 
build  bars  denote  experimental  data,  open  bars  denote  model 
calculations  (ace  the  text!.  Ozone  pressure  Is  O.ii  Torr,  oxy¬ 
gen  pressure  is  2. 4  Torr.  The  experimental  laser  flue  nee  is 
0. 04-0. 00  i /cm*  for  these  lines,  0.  OS  4 /cor  being;  used  tn  the 
model  culculullons. 


FK>.  6.  experimental  dependence  of  (a)  epos  total  pressure, 
for  CO,  /»<38)  and  P  (38)  lines,  at  a  flusnoe  of  0. 034  JW,  and 
a  com  position  of  16%  oxoas  ta  mygsa. 


Typical  experimental  reaulta  for  (s)  are  depicted  In 
Figs.  5  through  7.  Pumping  of  os  one  waa  observed  using 
off  of  the  available  CO,  laser  lines  In  the  6. 6  pm  P 
branch,  the  atrungeet  pumping  occurring  with  lines,  such 
as  P{  11)  and  f*(KW,  that  are  reseoant  with  Ob  absorption 
lines  (saa  fig.  S).  With  a  sampling  of  both  an-  and  eff- 
resonant  laser  lines,  wa  found  <s>  to  be  linearly  propor- 
tloanl  to  total  pressure  (at  a  fined  aeons  mole  fraction) 
to  within  experimental  error  In  the  2  to  0  torr  range 
studied  (see  fig.  0).  The  dependetice  of  (it)  upon  laser 
f  lueaee  was  studied  by  attenuating  tha  laser  beam  with 
polyethylene  sheets.  With  several  off -resonant  lines, 
the  signal  was  found  to  be  linearly  proportional  to 
finance,  but  with  on-resonant  lines  the  amplitude  of  the 
mUVDR  transient  showed  marked  saturation  behavior, 
aa  is  shewn  In  Fig.  7. 


jpi30) 

]p(I4) 


Pluence  J/cm* 


PKi.  7.  Dependence  of  <x)  upon  laser  fluenoe  tor  on-resonanoe 
CO,  loner  linen.  Solid  curves  denote  model  calculation#  (tee 
the  text). 
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FIG.  8.  Kinetic  model  for  vibrational  excitation  of  ozone  In  the 
laser  field. 


The  dependence  of  <*>  upon  mole  fraction  of  otooe  was 
not  explored,  dilate  mixtures  of  ozone  in  oxygen  being 
used  in  most  measurements.  However,  some  obeerva- 
tions  were  made  using  the  CO^  F(30)  line  and  the  ap¬ 
paratus  described  in  Ref.  S,  which  demonstrated  de¬ 
creasing  values  of  <n)  with  increasing  ozone  concen¬ 
tration,  especially  at  high  values  of  <*).  This  may  be 
due  to  attenuation  of  the  laser  beam  upon  transmission 
through  the  sample.  As  the  oaone  absorption  lines  are 
quite  narrow,  they  may  be  capable  of  selectively  ab¬ 
sorbing  the  most  closely  resonant  frequency  components 
of  the  COt  laser  output,  thus  "burning  a  hole"  in  the 
laser’s  output  spectrum.  This  point  is  discussed  more 
fully  in  the  following  section. 

2.  Excitation  modal 

In  order  to  gain  insight  into  the  experimental  results, 
we  have  carried  out  some  model  calculations  for  <s>. 

The  kinetic  scheme  utilised  is  depicted  in  Fig.  8.  In 
brief,  the  upper  and  lower  rotational  sublevels  as¬ 
sociated  with  an  oaone  absorption  line  near  the  laser 
frequency  are  optically  coupled  to  each  other  in  the 
presence  of  the  laser  field  by  the  radiative  rate  con¬ 
stant  K,  and  are  assumed  to  be  collisionally  coupled 
to  the  remaining  rotational  sublevels  in  each  vibrational 
state  by  the  pseudo-first-order  rate  constants  ft,  and 
k.,.  This  "four-box"  model  has  been  previously  em¬ 
ployed  by  us  to  describe  the  kinetics  of  infrared  satura¬ 
tion,"  passive  Q  switching,*1  and  infrared  double¬ 
resonance  experiments  employing  CO|  lasers"  and  tun¬ 
able  diode  lasers.**  In  the  pressure  range  of  Interest 
here,  vibrational  deactivation  during  the  ~l  ms  laser 
pulse  may  be  neglected. 

While  the  model  depicted  in  Fig.  8  may  be  eolved 
exactly,1*  a  much  less  cumbersome  and  sufficiently 
accurate  eolation  te  the  following  expression,  derived 


by  assuming  steady -state  concentration  in  the  optically 
coupled  sublevels 


d(ff>  0k,/2 

~ar  *  » 


(») 


where  fi  »  *.,/(*!+  k.t),  the  equilibrium  population  in  the 
pumped  rotational  sublevel.  Integrating  over  the  laser 
pulse  duration  and  summing  over  ail  oaone  absorption 
lines  which  appreciably  Interact  with  the  laser  radiation 
yields  the  net  (s)  value.  (In  practice,  only  lines  within 
about  0. 1  cm*1  of  the  laser  frequency  need  to  be  included 
for  the  maximum  fluence  considered  here,  approximately 
0. 09  J/cm*. )  The  radiative  rate  constant  *,  can  be 
written  as*4 


A,  «/<**)/**  (10) 

for  monochromatic  radiation.  In  the  present  situation, 
Eq.  (10)  must  be  modified  to  take  account  of  the  dis¬ 
tribution  of  frequencies  in  the  laser  output  arising  from 
the  longitudinal  mode  structure.  This  can  be  done  by 
integrating  Eq.  (10)  over  a  normalized  intensity  dis¬ 
tribution  function  /( P),  to  be  specified  a  little  later, 
giving 

/  fl*)<KP)dP/*H»,  (11) 

where  P  denotea  wave  number  in  cm*1,  1(d)  is  the  radia¬ 
tion  intensity  in  W  per  cm*  per  cm*1,  and  <K  P)  is  Hie 
photon  absorption  cross  section  in  cm*  per  cm'1.  The 
cross  section  o(P)  may  be  approximated  by  the  homo¬ 
geneous  line  shape  function 

a(P)*f[(pTp^w]’  (,2) 

where  5  is  the  integrated  line  strength  in  cm*,  P,  the 
resonant  wave  number,  and  OP  is  the  half -width  at  half- 
height  of  the  absorption  line.  We  assume  that  inho¬ 
mogeneous  broadening  may  be  neglected. 

The  usual  Lorentzian  power-broadened  line  shape 
expression  for  absorbed  energy  versus  detuning*1*” 
may  be  obtained  by  combining  Eqs.  (0),  (10),  and  (12). 
The  use  at  Eq.  (11)  Instead  of  Eq.  (10)  simply  gives 
a  broader  function.  No  attempt  is  made  to  incluu.  the 
effect  of  laser  beam  attenuation;  thus,  this  treatment 
is  applicable  only  to  optically  thin  samples. 

It  remains  to  find  appropriate  input  parameters  for 
the  above  equations.  The  llnewidth  OP  is  taken  as  the 
collision-broadened  half -width,  found  to  be  0. 06 
cm*1  atm*1  for  0,-0,  collisions  and  0. 15  cm*1  atm*1 
for  0,-0,  collisions.”  The  ozone  line  positions  are 
taken  from  Ref.  27,  and  the  integrated  line  intensities 
are  from  the  same  reference,  but  multiplied  by  1.113, 
in  accordance  with  more  recent  work.”  The  population 
relaxation  rate  constant  *,  was  set  equal  to  the  dephasing 
rate  constant  \  *  2*rOP  in  accordance  with  observations 
on  similar  molecules.”  The  temporal  shape  of  the  laser 
pulse  is  an  important  input  variable;  we  determined  this 
experimentally  with  a  photon-drag  detector.  It  is  a 
typical  "TEA-laser”  pulse  profile,  with  an  initial  spike 
of  40-90  ns  duration  containing  ~60%  of  the  total  pulse 
energy,  and  a  low -intensity  tail,  lasting  a  little  less 
than  1  n  s,  containing  40%  of  the  pulse  energy.  For 
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tational  energy  alone  does  not  explain  the  observed 
temperature  dependence.  **  Recent  lnveetlgatlons 
have  suggested  that  vibrational  excitation  la  also  im¬ 
portant  in  the  photolysis  process.  Zittel  and  Little11 
have  observed  a  greatly  enhanced  O (‘D)  production 
cross  section  in  the  red  end  of  the  Hartley  bend  follow¬ 
ing  1R  laser  excitation.  They  ascribe  this  effect  to 
vibrationally  excited  os  one  having  a  large  absorption 
cross  section  in  that  spectral  region.  The  temperature 
dependence  of  the  absorption  coefficient,  as  seen,  •  e.  g. , 
in  the  data  at  Ref.  11,  is  consistent  with  that  premise. 
Hudson*'  has  utilised  those  absorption  data  in  quantum 
yield  model  calculations  which  give  good  agreement 
with  experiment.  A  drawback  of  those  calculations  is 
that,  unfortunately,  the  absorption  data  alone  are  not 
sufficient  to  specify  uniquely  a  spectroscopic  model  for 
the  ozone  ultraviolet  spectrum. 

In  this  paper,  we  have  presented  a  model  for  the 
Hartley  absorption  spectrum  of  vibrationally  excited 
ozone,  based  on  Eq.  (7),  which  is  well -supported  by  the 
1RUVDR  experiments,  and  thus  can  provide  a  reason¬ 
able  starting  point  for  O(l0)  quantum  yield  modeling. 
Extension  of  Eq.  (7)  into  the  longer  wavelength  Huggins 
region  poses  no  conceptual  problem,  even  if,  as  has 
been  proposed,**  the  Huggins  bands  belong  to  another 
electronic  transition.  This  is  because  we  can  reasonably 
assume  that,  in  the  fall  off  region,  the  major  contribution 
to  the  vibrationally  excited  spectrum  is  the  tail  of  the 
(100)  plus  (001)  excited  ozone  spectrum  depicted  in  Fig. 
4,  and  belonging  to  the  Hartley  transition.  Even  fur¬ 
ther  to  the  red,  where  the  "hot”  Huggins  spectrum  ap¬ 
pears  to  be  discrete,  it  is  still  found  that  transitions 
originating  from  (100)-  and  (001) -excited  ozone  possess 
greater  intensity  than  those  originating  from  (010),  ** 
and  thus  dominate  the  spectrum  of  vibrationally  excited 
ozone. 

Proceeding  with  the  calculation  according  to  the  meth¬ 
od  of  Moortgat  et  al.n  we  assume  that  the  total  internal 
energy  (vibrational  plus  rotational)  adds  fully  to  the 
energy  acquired  from  the  ultraviolet  photon,  and  that 
for  a  given  total  energy  the  quantum  yield  varies 
as  a  ramp  function  from  zero  at  a  selected  threshold 
energy  to  unity  at  a  higher  energy,  taken  here  to  be 
600  cm*1  above  the  threshold.  The  classical  density  of 
rotational  states  cc(Bnt)i/t  is  fully  satisfactory  for  this 


KB,  to.  Oi’fli  quantum  yiulda  at  313  ran  va  temperature.  O 
■  Ref.  33  data,  AaKef.  34,  0  ■  Rot.  39,  *  -  Ref.  3<>|  eolld 
lino  is  tile  model  calculation  described  in  the  U-xl. 


sedation  quantum  yield,  as  described  in  the  text,  the  smooth 
dashed  curve  le  ueed  Instead. 


calculation.  The  quantum  yield  for  the  ground,  first 
excited  stretching  and  first  excited  bending  levels  are 
computed  separately,  weighted  according  to  their  ab¬ 
sorption  coefficient  and  population,  and  combined  to  give 
the  net  O(l0)  quantum  yield  Q  as  follows: 

-Q.llmPunSlm  {13) 

where  Clit,  Pijt,  and  Qtlt  are  the  absorption  coefficient, 
population  and  (XlB)  quantum  yield,  respectively,  at 
the  (fj*)  vibrational  level.  According  to  Eq.  (7),  this 
reduces  to 


.)  +  <  »P»Q» 
«os»(l -P*)  +  **P* 


(14) 


where  P*  *  P,M+  PK1.  The  above  equation  requires 
knowledge  of  c*  /«„  in  the  fall  off  region,  which  is  taken 
to  be  the  ramp  function  depicted  in  Fig.  11.  The  0(‘/>) 
threshold  energy  was  adjusted  for  best  fit  between  cal¬ 
culations  and  experiments,  yielding  a  value  of  (32  900 
±  100)  cm*1. 

The  comparison  of  experimental  and  calculated  re¬ 
sults  appears  in  Figs.  9  and  10.  Good  agreement  is 
seen  in  the  wavelength  dependence  of  the  quantum  yield 
over  the  305-322  nm  range  at  both  low  and  room  tem¬ 
peratures.  At  313  nm,  the  agreement  between  the  cal¬ 
culation  and  a  large  number  of  experimental  results  is 
excellent  over  the  full  temperature  range  studied.  It 
should  be  noted,  however,  that  the  long  wavelength 
tail  above  313  nm,  appearing  in  the  Brock  and  Watson*4 
data  depicted  in  Fig.  9  and  predicted  as  well  by  this 
calculation,  conflicts  with  the  majority  of  experimental 
studies,  which  instead  show  a  more  rapid  decline  of  the 
quantum  yield.  Until  this  issue  ts  resolved  the  validity 
of  the  model  calculation  remains  open  to  question.  Its 
success  at  and  below  313  nm  does,  however,  suggest 
that  vibrationally  excited  ozone  does  indeed  play  an 
important  role  in  stratospheric  ozone  photolysis. 


IV.  CONCLUSIONS 

A  model  for  the  Hartley  ultraviolet  spectrum  of  vibra¬ 
tionally  excited  ozone  has  been  presented  and  applied  to 
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problems  Involving  vibrational  energy  Iran  alar,  infrared 
energy  dapoeltloa  resulting  from  pumping  by  a  CO* 
laser,  and  stratospheric  osone  photodiaaoelation.  la 
the  latter  instances,  simple  models  have  been  presented 
which  are  capable  of  reproducing  the  experimental  re¬ 
sults  quite  well.  Many  other  molecules  possess  strong, 
continuous  ultraviolet  absorption  spectra,  as  wall  as 
infrared  resonances  near  CO,  laser  lines;  the  alkyl 
halides  are  just  one  example. u  Many  of  these  species 
may  therefore  be  excellent  candidates  for  study  by  the 
methods  described  here, 
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CARS  Detection  of  Ozone  in  Vibrational ly  Excited  States 

Since  the  discovery  of  the  role  of  vibrationally  excited  molecules 
in  atmospheric  chemistry,  the  spectroscopic  properties  and  kinetics  of 
such  moleclues  have  attracted  much  attention.  One  of  the  more  impor¬ 
tant  molecules  in  this  context  is  ozone.  Vibrationally  excited  ozone 
is  formed  in  the  stratosphere  [1]  by  the  recombination  of  oxygen 

02  +  0  +  M  ■+  O-jtVj^V^V-j) 

The  initial  population  of  the  various  vibrational  levels  as  well  as  the 
mechanisms  of  relaxation  to  the  ground  state  are  still  open  to  specu¬ 
lation. 

To  study  vibrational  population  distributions  requires  sensitive 
detection  techniques,  as  the  population  of  each  vibrational  level  may 
constitute  only  a  small  fraction  of  the  total  number  of  molecules. 
Recent  advances  in  laser  technology  have  made  possible  toe  use  of  many 
optical  techniques  that  were  unthinkable  only  a  few  yesis  ago.  Cohe¬ 
rent  Anti-Stokes  Raman  Spectroscopy  is  one  such  technique  [2] . 

CARS  is  a  third  order  non-linear  optica]  process  which  involves 
two  photons  of  light  at  frequency  combining  with  a  photon  at  uj2  to 
produce  a  fourth  coherent  photon  at  the  anti-Stokes  frequency, 
o>3=2w^-(»)2  .  The  process  is  greatly  enhanced  by  the  presence  of  a  Raman 
active  transition  in  the  medium  corresponding  to  u^-u^.  It  can  be 
shown  that  the  intensity  of  the  CARS  signal  is  proportional  to  the 
square  of  the  number  density  of  molecules  in  the  state  of  lower  ener¬ 
gy  12].  In  this  way  the  intensity  of  the  CARS  beam  can  be  used  to 
monitor  the  population  of  the  various  vibrational  levels  which  are 
Raman  active.  The  advantage  of  CARS  is  chiefly  its  sensitivity.  It 
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has  been  shown  [2,6]  that  the  CARS  process  is  inherently  several  orders 
of  magnitude  more  sensitive  than  spontaneous  Raman  scattering.  In  prac* 
tice,  the  sensitivity  of  CARS  is  limited  by  other  third  order  nonlinear 
processes.  It  is  usual  to  split  the  third  order  susceptibility  into 
two  parts,  one  that  contains  the  terms  which  involve  CARS  and  another 
which  includes  all  other  third-order  nonlinear  processes.  These  two 
susceptibilities  are  referred  to  as  and  x ^  »  respectively. 

The  hi?h  peak  power  of  NdjYAG/Dye  laser  systems  lends  itself  well 
to  CARS,  in  particular,  Valentini  [3]  has  obtained  the  CARS  spectrum 
of  oxygen  by  using  such  a  laser,  The  second  harmonic  of  the  NdsYAG 
at  532  nm  is  used  both  as  and  also  to  pump  a  dye  laser  to  produce 
a)2.  The  beams  impinge  on  a  sample  of  ozone*  Under  the  intense  illu¬ 
mination  required  the  osone  dissociates  quite  rapidly,  and  so  a  spec¬ 
trum  of  oxygen  was  obtained*  The  lifetime  of  ozone  under  these  condi¬ 
tions  has  been  estimated  to  be  less  than  1  psec. 

Recently,  the  Raman  spectrum  of  ozone  has  been  recorded  by  using 
the  fourth  harmonic  of  a  Nd;YAG  laser  at  266  nm  as  a  pump  [4].  Ozone 
absorbs  strongly  at  266  nm  [5] .  In  fact,  the  absorption  coefficient  at 

| 

266  nm  is  about  ten  times  the  coefficient  at  532  nm.  The  Raman  spectrunj 
then  is  greatly  resonance  enhanced;  this  enhancement  may  be  of  greater 
importance  than  the  decrease  in  ozone  concentration  due  to  dissociation. 
This  suggests  that  it  could  be  possible  to  observe  a  CARS  spectrum  of 
ozone  if  the  appropriate  excitation  wavelengths  are  chosen. 

We  plan  to  obtain  the  CARS  signal  from  ozone  by  judicious  choice 
of  excitation  wavelength.  The  intensity  of  the  CARS  beam  can  then  be 
used  as  a  probe  to  monitor  the  vibrational  energy  distribution.  The 
availability  of  a  high  power  Nd :Y AG/Dye  laser  allows  any  of  several 
possible  wavelengths.  The  excitation  beam,  u^,  can  be  532,  355,  or 
266  nm,  with  u>2  varied  appropriately.  The  Raman  spectrum  at  266  nm 
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suggests  use  of  this  wavelength.  The  intensity  of  the  CARS  beam  at 

i  0 

the  three  wavelengths  are  estimated  to  be  in  the  ratio  10  :10  :1  if 

dissociation  is  not  considered.  The  pressure  dependence  of  the  CARS 

signal  is  shown  in  Fig.  1  for  the  three  wavelengths  in  question.  A 

typical  value  of  for  gases  at  one  atmosphere  is 

-18  3 

2.4  x  10  cm  /erg  [6].  This  susceptibility  was  scaled  to  one  torr 
and  a  "signal”  calculated  for  each  wavelength.  This  value  is  plotted 
as  a  short  horizontal  line  along  the  left  side  of  the  graph.  These 
non-resonant  photons  define  the  detectivity  of  ozone  in  one  torr  of 
buffer  gas. 

To  date,  a  strong  CARS  signal  has  been  obtained  from  a  low- 
pressure  sample  of  N^O  gas  in  a  static  cell.  CARS  experiments  on 
both  ground-state  and  vibrationally  excited  ozone  are  planned  to  be¬ 
gin  immediately  following  installation  of  the  required  digital  signal¬ 
averaging  equipment  in  the  Spectroscopy  Laboratory. 
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Infrared  Emission  and  Absorption  strength  for  N  N 

14  15 

Dipole  radiation  from  N  N  in  the  4.4-vtm  region  has  been  sug¬ 
gested  as  making  a  significant  contribution  to  the  infrared  luminosity 
of  the  upper  atmosphere  (Gordietz  et  al. ,  Planet.  Space  Sci.  26,  933 
(1978)).  This  is  based  on  an  assumed  Einstein  emission  coefficient 

A^q  =  0.02  sec-1.  We  show  here  that  this  estimate  is  almost  certainly 

14  15 

incorrect,  and  that  the  true  dipole  strength  of  N  N  must  be  many 
orders  of  magnitude  smaller. 

Dipole-allowed  transitions  in  homopolar  neutral  diatomic  molecules 

which  are  heteronuclear  by  virtue  of  isotopic  substitution  arise  from 

breakdowns  of  the  Born-Oppenheimer  separation  of  electronic  and  nuclear- 

vibrational  motion.  For  the  best-studied  case  of  HD,  the  transition 

—5  —18 

moment  has  been  measured  to  be  5X10  Debye  (ID  *  io  esu*cm) 
(McKellar ,  Can.  J.  Phys.  52,  1144  (1974)).  We  note  the  relationship 
between  dipole  moment  y1Q  and  absorbance, 
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We  can  also  find  the  A  coefficient  from 
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The  several  contributions  are  generally  of  varying  sign  and  thus 
partially  cancel;  but  their  overall  magnitude  is  determined  by  the 
mass  scaling  factor 

(2ya)“1«  (VV'V'b  (5) 

The  ratio  of  (ya)-1  for  *4N**N  to  that  for  HD  is  approximately 
(5X1j“3)/(0.5)  9  10“2;  thus,  we  would  expect  R1()  (14N15N)  * 

(10  )  (5X10  )  «  5X10  D.  This  corresponds  to  an  A1Q  value  from 

Eq.  (3)  of  a  ixlo“9  sec*1,  not  2X10”2  as  in  Gordietz  (1978). 

Using  Eq.  (2)  with  R  «  5X10  ,  P«0.2  atm  9  0.2  amagat, 

i*20m  -  2X10 3  cm,  and  6v(N2)  0.03  cm“\  we  calculate  an  expected 

peak  absorbance,  in  (lQ/I)  «  4X10 “®!  As  best  as  we  can  determine, 
the  limiting  sensitivity  of  the  Laser  Analytics  L8-3  diode  spectro¬ 
meter,  using  derivative  detection,  is  about  1  part  in  10 3  to  104; 
thus,  direct  observation  of  14N15H  dipole  absorptions  should  be 
impossible. 

The  A^q  coefficient  of  HD*  has  been  calculated  (Bates  and  Poots, 
Proc.  Phys.  Soc.  A66,  784  (1953);  quoted  by  Garstang  in  "Atomic  and 
Molecular  Processes"  (D.R.  Bates,  ed.),  1962)  as  18  sec"*1.  Vibration- 
rotation  transitions  in  HD*  have  been  observed  (W.H.  Ming  at  al. , 

Phys.  Rev.  Letts.  36,  1488  (1976))  in  an  ion  beam  experiment  under 
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conditions  which  made  it  impossible  to  determine  y^^(HD+);  but  the 
conditions  of  the  experiment  required  a  strongly  allowed  transition, 
which  is  consistent  with  the  preceding  estimate.  Bates  and  Poots 
also  give  an  estimate  of  A1()*  2X10-2  sec-1  for  14N15N+,  which  was  the 
value  taken  by  GOrdietz  et  al.  for  14N15N;  this  is  incorrect,  as  we 
will  show. 

The  dipole  operator  for  charged  species  is 


The  first  term,  which  arises  only  for  ionic  species,  is  about  3  orders 

larger  than  the  second  term  (in  electron  coordinate  Z) ,  which  is  how¬ 
ever  the  only  term  contributing  to  for  neutral  species.  This 

accounts  for  the  7  orders'  discrepancy  between  the  value  quoted  by 

Gordietz,  which  is  appropriate  only  to  ionic  14N15N+,  and  the  estimate 

made  here  of  A1Q  »  1X10”*  sec”1  for  neutral  14N15N.  Note  also  that 

the  term  in  £  scales  as  1/Pa  ^  (m^-nij) /m^mj  (Bunker,  1973),  while  that 

in  R  scales  as  (n^-mj)  /(m^+m2)  ?  this  is  reflected  in  the 

Aio  ( 14N1^N+) /A^0  (HD+)  ratio  being  =  10“3,  while  for  the  neutrals, 

A10  (14N15N)/Aio  -  10”4.  To  put  it  bluntly,  Gordietz  (1978) 

made  a  basic  error  in  assuming  A^g  (^■4n1®N)  *  A^Q  (14N1^N+) ,  which 
invalidates  all  his  conclusions  about  this  source  of  infrared  radia¬ 


tion. 


Another  possible  source  of  infrared  transition  strength  for  homo- 

polar  molecules  is  quadrupole  radiation.  The  S^(0)  quadrupole  line 

of  HD  was  observed  by  McKellar  (1974) ,  from  which  he  derived 
—  •  -26  2 

Q(1,0)  *  0.1  Debye  -  A  (10  esu-cm  ).  A  theoretical  estimate 


(Cartwright  and  Dunning,  J.  Phys.  B7,  1776  (1974))  for  Nj  gives 
Qzz  (1/0)  "  0.05  D-A,  only  half  of  the  HD  value;  thus,  the  dominant 
radiation  of  Nj  in  the  4.4-ym  region  is  expected  to  be  quadrupole 
transitions. 

Conclusions 

Infrared  absorption  of  is  expected  not  to  be  observable 

with  stated  experimental  conditions  (0.2  atm,  20m  path  length,  LS-3 

diode  laser  spectrometer),  by  roughly  two  orders  of  magnitude.  If 

-2  -1 

the  Gordie ts  estimate  of  A^fl  ■  2X10  sec  had  been  correct,  the 
absorption  coefficient  would  of  course  be  enormous  (in  (Io/I)>10  at 
line  center];  but  it  is  so  nearly  certain  to  be  incorrect  that  a  null 
result  can  confidently  be  predicted.  The  considerations  given  above 
suffice  to  show  that  the  contribution  of  to  upper-atmosphere 

infrared  radiance  can  be  neglected. 
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